A theoretical model for the effect of water hydrogen bonding on the thermodynamics of hydrophobic hydration is proposed as a combination of the classical density functional theory with the recently developed probabilistic approach to water hydrogen bonding in the vicinity of a hydrophobic surface. The former allows one to determine the distribution of water molecules in the vicinity of a macroscopic hydrophobic particle and calculate the thermodynamic quantities of hydrophobic hydration as well as their temperature dependence, whereas the latter allows one to implement the effect of the hydrogen bonding ability of water molecules on their interaction with the hydrophobic surface into the DFT formalism. This effect arises because the number and energy of hydrogen bonds that a water molecule forms near a hydrophobic surface differ from their bulk values. Such an alteration gives rise to a hydrogen bond contribution to the external potential field whereto a water molecule is subjected in that vicinity. This contribution is shown to play a dominant role in the interaction of a water molecule with the surface. Our approach predicts that the free energy of hydration of a planar hydrophobic surface in a model liquid water decreases with increasing temperature in the range from 293 K to 333 K. This result is indirectly supported by the counter-intuitive experimental observation that under some conditions the hydration of a molecular hydrophobe is entropically favorable as well as by the molecular dynamics simulations predicting positive hydration entropy for sufficiently large (nanoscale)
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Introduction
Particles exhibiting resistance to being either wetted by liquid water (case of meso/macroscopic ones) or dissolved therein (case of molecules) are generally referred to as hydrophobic solutes. The transfer of a hydrophobic solute into liquid water is accompanied by an increase in the free energy of the system, which results from the structural modifications of liquid water around the solute. This phenomenon is referred to as hydrophobic hydration. When two solute particles are close enough to each other, the total volume of water thus affected by both particles is smaller than when they are far apart. This gives rise to an effective, solvent-mediated (often referred to as hydrophobic) attraction between particles.
It is believed that hydrogen bonding between neighboring water molecules 1−3 constitutes a key element of hydrophobic effects 4−7 (hydration and attraction) which, in turn, play a crucial role in many physical, chemical, and biological phenomena. 7−11 The development of predictive models capable of estimating the temperature and pressure dependence of hydrophobic phenomena is therefore quite important.
In attempts to understand hydrophobic effects at a fundamental level and to develop a generally satisfactory theory of hydrophobicity, 12,13 various mechanisms have been suggested 4−7,14−21 (mostly involving the hydrogen bonding ability of water molecules). Despite many remaining controversies, the dependence of hydrophobic phenomena on the length scales of hydrophobic particles involved appears to be out of contention. 22−25 Small hydrophobic molecules (whereof the linear size is comparable to that of a water molecule) can fit into the water hydrogen-bond network without destroying any bonds. 15 One one hand, this results in a negligible enthalpy of hydration; on the other hand, the presence of the solute is thought to constrain some degrees of freedom of the neighboring water molecules which should give rise to a negative entropy of hydration proportional to the solute excluded volume. Consequently, the hydration free energy is positive and increases with temperature and solute excluded volume.
Since the hydration of small hydrophobic molecules is entropically "driven", so is their solventmediatated interaction. 12, 13 At small enough separations, the two hydrophobic molecules affect fewer solvent molecules than when they are far apart. Therefore, bringing two hydrophobic molecules sufficiently close enough to each other should result in a positive change of the entropy and should thereby lower the free energy of the solution (small enthalpy changes are neglected).
Although attractive owing to its simplicity, such a mechanism of small scale hydrophobicity appears to be somewhat inaccurate. 12,13 Simulations 26,27 and theory 16 showed that two inert gas molecules (such as argon) would not be driven together to form a dimer; a solvent-separated pair would be a more likely state than a contact pair. This leads to a surprising suggestion that the hydration of small hydrophobic molecules is actually entropically favorable (the entropy of the system increases) which contradicts the conventional wisdom.
The hydration of large hydrophobic particles is believed to occur via a different mechanism. 12,13,27−29 When inserted into liquid water, such a particle breaks some hydrogen bonds in its immediate vicinity.
This results in a large positive enthalpy of hydration and hence in a free energy change proportional to the solute surface area (as opposed to being proportional to the solute volume for small hydrophobes).
Thus, in contrast to entropically driven small-scale hydrophobicity, the hydration of large hydrophobic particles is expected to be enthalpically driven and so is their hydrophobic interaction.
Fewer water hydrogen bonds have to be broken when two large hydrophobes are "in contact" than when they are far from each other, so there is a negative enthalpy change when such particles aproach each other from larger separations. The free energy change (dominated by the enthalpy change) will be hence negative and will constitute a thermodynamic driving force for their attraction.
Among theoretical means for studying hydrophobic phenomena (as well as many others including phase transitions and phase equilibria), the methods of density functional theory 30, 31 (DFT) have been particularly efficient. The DFT formalism has been widely used for studying the density profiles and thermodynamic properties of fluids near rigid surfaces of various sizes, shapes, and nature. 32, 33 In DFT the interaction of fluid molecules with a foreign surface is usually treated in the meanfield approximation: every fluid molecule is considered to be subjected to an external potential that arises due to its pairwise interactions with the molecules of the impenetrable substrate. This external potential gives rise to a specific contribution to the free energy functional. The minimization of the free energy functional with respect to the number density of fluid molecules (as a function of the spatial coordinate r) provides their equilibrium spatial distribution. However, the effect of the impenetrable surface on the ability of fluid (water) molecules to form hydrogen bonds near the surface had been ignored so far in the conventional DFT formalism.
In the present work (that can be considered as a sequel of our recently published paper 34 ), we attempt to fill in this gap and clarify some issues concerning the hydration of large hydrophobic particles by combining the density functional theory with the recently developed probabilistic appraoch 35, 36 to hydrogen bonding between water molecules in the vicinity of a foreign surface. This approach provides an analytic expression for the average number of hydrogen bonds that a water molecule can form as a function of its distance to the surface. Knowing this expression, one can implement the effect of the hydrogen bonding of water molecules on their interaction with the hydrophobic surface into DFT, which is then employed to determine the distribution of water molecules near a macroscopic hydrophobic particle and to calculate the thermodynamic quantities of hydrophobic hydration and their temperature dependence. The hydrogen bond length η is assumed to be independent of whether the molecules are in the bulk or near a hydrophobic surface. The characteristic length η of pairwise interactions between water and molecules constituting the substrate (flat and large enough to neglect edge effects, with its location determined by the loci of the centers of its outermost, surface molecules) plays a simple role in the hydrogen bond contribution to hydration or hydrophobic interaction. 35, 36 It ( η) only determines the reference point for measuring the distance between water molecule and substrate, so it will be set equal to η.
Consider a "boundary" water molecule (BWM) in the vicinity of a hydrophobic substrate S (immersed in liquid water) at a distance x therefrom. Such a molecule forms a smaller number of hydrogen bonds (hereafter referred to as "boundary hydrogen bonds") than in bulk water because the hydrophobic surface restricts the configurational space available to other water molecules that are necessary for a BWM to form hydrogen bonds. The actual number of hydrogen bonds, that a particular BWM can form, depends on both its location and its orientation. A probabilistic hydrogen bond model allows one to obtain an analytic expression for the average number of bonds that a BWM can form as a function of its distance to the surface ("average" with respect to all possible orientations of the water molecule). 35, 36 Note that a boundary hydrogen bond (BHB), involving at least one boundary water molecule, may be slightly altered energetically compared to the bulk one. Such alteration is still a subject of contention 37 as different authors suggest opposite effects, i.e., both enhancement 18,38 and weakening 3a of the boundary hydrogen bonds. In the PHB approach, there is no restriction on the energy of a bulk (water-water) hydrogen bond, ǫ b < 0, so that the approach is valid independent of whether ǫ b < ǫ s or ǫ b = ǫ s , or ǫ b > ǫ s , where ǫ s < 0 is the energy of a BHB.
The average number of BHB's per water molecule
Let us choose a Cartesian coordinate system so that its x-axis is normal to the plate P located at x = 0. Denote the number of hydrogen bonds per bulk water molecule by n b and the average number of hydrogen bonds per BWM by n s . The latter is a function of distance x between the water molecule and the hydrophobic surface (assumed to be smooth on a molecular scale): n s ≡ n s (x). If x is larger than 2η, the number of hydrogen bonds that the molecule can form is not affected by the presence of the surface. Therefore, n s (x) = n b for x ≥ 2η. On the other hand, the function n s (x) attains its minimum at the minimal distance between the water molecule and the plate, i.e., at x = η, because at this distance the configurational space available for the neighboring water molecules (to form a bond with the selected one) is restricted (compared to the bulk water) by the plate the most. The layer of thickness η from x = η to x = 2η is referred to as the surface hydration layer (SHL).
The function n s = n s (x) can be shown 35, 36 to have the form
( 1) where b 1 is the probability that one of the hb-arms (of a bulk water molecule) can form a hydrogen bond and Since experimental data on n b (and even its temperature dependence) are readily available, the latter equation allows one to determine the probability b 1 as its positive solution satisfying the condition 0 < b 1 < 1. Thus, equation (1) provides an efficient pathway to n s as a function of x. The above expression for n s takes into account the constraint that some orientations of the hb-arms of a BWM cannot lead to the formation of hydrogen bonds because of the proximity to the hydrophobic particle. The severity of this constraint depends on the distance of the BWM to the surface, hence the x-dependence of k 1 , k 2 , k 3 , and k 4 . It assumes that the intrinsic hydrogenbonding ability of a BWM (i.e., the tetrahedral configuration of its hb-arms and their lengths and energies) are unaffected by its proximity to the hydrophobic surface so that the latter only restricts the configurational space available to other water molecules necessary for this BWM to form hydrogen bonds.
Hydrogen bond contribution to the interaction of a water molecule with a hydrophobic plate
Knowing the function n s (x), one can examine the effect of water hydrogen bonding on the hydration of hydrophobic (and even composite) particles as well as on their solvent-mediated interaction. For example, let us derive an expression for U hb ext ≡ U hb ext (x), water-water hydrogen bond contribution to the total external potential field U ext ≡ U ext (x) whereto a water molecule is subjected in the vicinity of a hydrophobic surface. The latter is needed for the application of DFT methods to the thermodynamics of hydrophobic phenomena.
The hydrogen bond contribution U hb ext is due to the deviation of n s from n b (see refs. 35 and 36) and the (possible) deviation of ǫ s from ǫ b . It can be determined as
The first term on the RHS of this equation represents the total energy of hydrogen bonds of a water molecule at a distance x from the surface, whereas the second term is the energy of its hydrogen bonds in bulk (i.e., at x → ∞. Note that the dependence of U hb ext on x may be due not only to the function n s (x), but also to the x-dependence of the hydrogen bond energy in the vicinity of the hydrophobic surface, ǫ s ≡ ǫ s (x). In the PHB model n s (x) = n b for x ≥ 2η hence it is reasonable to assume that ǫ s (x) = ǫ b for x ≥ 2η as well. Thus, U 
The outline of the methods of density functional theory
The effect of water-water hydrogen bonding on the density profile of (liquid) water molecules in the vicinity of a hydrophobic surface can be now examined by using DFT. 30−33 In this formalism, the grand thermodynamic potential Ω of a nonuniform single component fluid, subjected to an external potential U ext , can be represented as a functional of the number density ρ(r) of fluid molecules
where V is the volume of the system, µ is the equilibrium chemical potential, and φ at (|r − r ′ |) is the attractive part of the interaction potential between two fluid molecules located at r and r ′ . In 
where 
Integrating this equation over the volume of the system and using the constraint on N , one obtains
whereof the substitution into eq.(3) yields the Euler-Lagrange equation for the density profile in the canonical ensemble:
The Helholtz free energy F of the canonical ensemble can then be obtained by substituting the solution of eq.(6) into the corresponding functional of ρ(r):
In the particular case of (fluid) water near a flat hydrophobic surface, one can use the planar symmetry of the system and choose the Cartesian coordinates so that the surface is located in the y − z plane at x = 0 with the molecules of the fluid occupying the "half-space" x > 0. The eqilibrium density profile obtained from eqs. (4) or (6) is then a function of a single variable x, i.e., ρ(r) = ρ(x).
Free energy of hydration and its temperature dependence
In a canonical ensemble, the free energy ∆F of hydration of a hydrophobic particle can be determined as the difference
where F and F 0 are the Helmholtz free energies of the system (liquid water) with and without a hydrophobic particle therein, respectively. Likewise, the free energy of hydrophobic hydration in a grand canonical ensemble can be determined as
where Ω and Ω 0 are the values of the grand thermodynamic potential of the system (liquid water) with and without a hydrophobic particle therein, respectively.
Knowing the free energy of hydrophobic hydration, one can find Φ S and Φ E , the entropic and energetic contributions to ∆F , as
respectively, such that ∆F = Φ E + Φ S (in eq.(10) the subscripts of the partial derivatives indicate the thermodynamic variables held constant upon taking the derivatives). Clearly, for the decomposition of ∆F into energetic and entropic components it is necessary to know its temperature dependence.
(Note that a similar decomposition can be carried out for ∆Ω.)
In the combined PHB/DFT-based model presented above, the temperature dependence of ∆F contains a contribution from the temperature dependence of U To find the equilibrium density profile of (model) water molecules in the vicinity of the hydrophobic surface, it is necessary to solve eq. (4) using, e.g., an iterative procedure. 33 Namely, the density profile ρ i (x)at the i th iteration is found from the previous one,
A similar iterative procedure can be used to solve equation (6),
For the chemical potential µ h (ρ) ≡ µ h (ρ, T ) of a hard sphere fluid we have adopted the well-known
Carnaham-Starling approximation 32,33,44
where ξ = (πd 3 /6)ρ and Λ = (h 2 /2πmk B T ) 1/2 is the thermal de Broglie wavelength of a model molecule of mass m (with h and k B being Planck's and Boltzmann's constants, respectively). Since µ h is a single-valued (monotonically increasing) function of ρ, one can extract ρ i (x) from the LHS of eq. (11) or (12) 
where the energy parameter ǫ sw was taken to be equal to k p ǫ ww with k p = 2.1 and the inverse length parameter λ sw was set equal to 1/η (the ratio k p ≡ ǫ sw /ǫ ww characterizes the degree of hydrophobicity of the surface as the energy of a water molecule attraction to the surface at the distance η between them relative to −ǫ ww ). In U hb ext (x) (see eq. (2)), the x-dependence of ǫ s was approximated by a linear function increasing from its minimum value of k h ǫ b at x = η (with k h = 1.1 corresponding to slightly enhanced hydrogen bonds 18, 38 for molecules closest to the hydrophobic surface) to its maximum
As clear from Figure 1 , the hydrogen bonding contribution to the external potential has a repulsive character unlike the conventional pairwise contribution that has an attractive character (note also that the former dominates the latter in the most part of the range η < x < 2η). The repulsive character of U hb ext arises because that the total energy of hydrogen bonds per molecule near the hydrophobic surface is smaller (in absolute value) than in the bulk, which in turn is due to n s (x) ≤ n b and ǫ s (x) ≈ ǫ b for any x.
At a given temperature, the evaluation of the free energy of hydration is simpler in a grand 
To clarify the effect of the two different contributions to U ext (x) on the water density distribution near the hydrophobe, the density profiles were obtained 34 by solving eq. (11) As clear, the hydrophobic hydration is hardly sensitive to the hydrogen bond energy alteration ratio, k h , but quite sensitive to the degree of hydrophobicity of the surface, k p . The latter effect is also demonstrated in Figure 2b , where the dependence of ∆Ω on k p is shown for the case where in eqs. (3) and ( Figure 3a correspond to the overall external potential in eqs. (7) and (12) that includes both the pairwise and hydrogen bond contributions (i.e.,
), whereas Figure 3b shows the results obtained by solving eq. (12) and (7) with only the pairwise component included in the external potential (i.e., with U ext (x) = U pw ext (x)).
Both Figures 3a and 3b are for a hydrophobic surface with k p = 2.1. As clear, the water hydrogen bonding plays an important role in the hydrophobic hydration by making the process thermodynamically more unfavorable (i.e.,significantly increasing the unfavorable free energy of hydration).
As shown in Figure 3 , the combined PHB/DFT model predicts the free energy of hydration of a large hydrophobic particle to decrease with increasing temperature and suggests that the hydration process is enthalpically unfavorable (i.e., the enthalpic contribution to the hydration free energy is positive), but entropically favorable (i.e., the entropic contribution to the hydration free energy is negative), with the latter effect being dominant. Currently, no experimental data on the thermodynamics of hydration of large hydrophobes are available in literature. However, the enthalpic impediment to the hydration of a large hydrophobe is quite expected 12 that the hydration thermodynamics changes its character from "entropy dominated" to "enthalpy dominated" near the crossover region as the length scale of a hydrophobe increases. At T = 300 K and pressure −1000 atm, the crossover region was found to be around R = 3 nm (R being the radius of a spherical hydrophobe). As reported, 23 the hydration is predominantly entropic (Φ S > Φ E > 0), for solutes of radii smaller than 3 nm, whereas it is predominantly enthalpic (Φ E > Φ S > 0) for solutes of radii larger than 3 nm. As the radius of the solute increases, the enthalpic contribution Φ E increases whereas the entropic contribution Φ S decreases and is expected to become negative "for sufficiently large solutes" (see ref. 23 ). Qualitatively, this can be interpreted as the result of breaking the tetrahedrally ordered structure of water-water hydrogen bond network by the foreign hydrophobic particle; breaking the ordered structure of the hydrogen bond network is equivalent to increasing the disorder in the system which leads to an increase in its entropy.
Concluding remarks
In order to clarify some aspects of the effect of water-water hydrogen bonding on the thermodynamics of hydrophobic hydration, we have proposed a combination of our previously developed probabilistic approach to water-water hydrogen bonding with the classical density functional theory. The latter allows one to accurately determine the distribution of water molecules in the vicinity of a hydrophobic particle and calculate the thermodynamic quantities of hydrophobic hydration as well as their temperature dependence. The former allows one to implement the effect of the hydrogen bonding ability of water molecules on their interaction with the hydrophobic surface into the DFT formalism.
The hydrogen bond network of water molecules affects their interaction with the hydrophobic surface because the number and energy of hydrogen bonds that a water molecule forms in the the surface differ from their bulk values. Such an alteration gives rise to a short-range hydrogen bond contribution to the external potential field whereto a water molecule is subjected in that vicinity.
This contribution is a dominant component of the interactions of a water molecule with the surface at distances between one and two hydrogen bond length. As we previously showed, 34 it plays a crucial role in the formation of a thin depletion layer (of thickness of a molecular diameter and of very low density, in agreement with previous suggestions 12, 13 ) between liquid water and hydrophobic surface.
The combined PHB/DFT approach to hydrophobic hydration predicts that the free energy of hydration of a model hydrophobic surface in a model liquid water decreases with increasing temperature in the range from 293 K to 333 K. It also corroborates the counter-intuitive experimental, simulational, and theoretical observation that under some thermodynamic conditions the hydrophobic hydration may be entropically favorable. As a possible explanation, one can conjecture that the destruction of the tetrahedrally ordered structure of water hydrogen bond network by a hydrophobic particle results in an increased disorder in the system which leads to an increase in its entropy.
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